Abstract-This paper focuses on the interferometry phase of an active coherent jamming in InSAR (Interferometry Synthetic Aperture Radar) images. Based on the signal models of coherent jammer, the jamming's imaging results are derived by employing the Omega-K algorithm. By comparing the imaging results of InSAR's two channels, the jamming's interferometry phases for both working modes, the single-pass and repeat-pass modes, are proved to be constants. And the values of the interferometry phases are determined by the jammer's geometry position relative to InSAR baseline, but independent of the jamming's waveform modulation and its background terrain.
INTRODUCTION
The emerging of Synthetic Aperture Radar (SAR) in the 60's of last century is a milestone for two-dimensional radar imaging. Hitherto, there have still been many SAR technologies needed to be refined to achieve better system performances and image processing, e.g., two-dimensional sidelobe reduction [1] , Automatic Target Recognition (ATR) [2, 3] , sparse reconstruction with limited information available [4] , etc. Also, its basic function of twodimensional imaging has been extended to include many branches of SAR family, e.g., Polarimetric SAR (PolSAR) [5] , multiband SAR [6] , bistatic SAR [7, 8] , Multi-Input Multi-Output SAR (MIMO SAR) [9] , and Interferometry SAR (InSAR). Although InSAR has been developed since long time ago and widely used in many areas [10] [11] [12] , its performance in a hostile electromagnetic environment has not yet been thoroughly studied. In real world, there exist many kinds of (intentional and/or not) jammings or interferences [13, 14] , e.g., a civic TV transmitter, a radio station, or even a military jammer. Among all of the jammings, the military intentional jamming may prominently worsen the interferometry performance of InSAR. During the past two decades, many jamming-suppression methods have been developed to overcome the radio frequency interference (RFI) [15] , and most of them are especially effective in the suppression of narrow band interference (NBI) [16] . RFI is usually produced unintentionally by the civil transmitters and can be suppressed in a relatively easier way. However, the jammings produced intentionally by a military jammer are usually much more difficult to be suppressed, since most of them share the same bandwidth with radar and their waveform modulations difficult to be known previously [17] .
According to the coherence between jamming and SAR transmit signal, the jamming can be approximately divided into three types [17] . The first type is the incoherent jamming, which shares the same bandwidth but is incoherent to the SAR transmit signal in the fast time [18, 19] . The second type is known as the partially coherent jamming, which is coherent in the fast time but incoherent in the slow time [20, 21] . The third type is called the coherent jamming, which is coherent in both the fast and slow times [17, 22] . On the contrary, if the jamming can be detected by SAR, it can be canceled through a number of Electronic Counter-Counter Measures (ECCM) technologies, e.g., the wideband sidelobe-cancellation [23] , the spatial filtering [24] and the adaptive beamforming [25] .
The main purpose of this paper is to analyze the interferometry phase of a coherent jamming which is now widely employed in modern Digital Radio Frequency Memory (DRFM) based jammer. And the differences of the interferometry phases between the hostile jamming and the real targets may provide a new approach to distinguish them in the Electronic Counter Measures (ECM) environment. By the way, a SAR transponder [26] [27] [28] also works in a way very like the coherent jamming except that it is used for the calibration purpose and its signal parameters can be pre-known. In this point of view, both the coherent jammer and the transponder should have the same kind of interferometry phase if they are all with single transmit antenna. Thus, the results presented in the paper also hold true for an active transponder. 
THE JAMMING'S INTERFEROMETRY PHASE IN REPEAT-PASS MODE
Firstly, we present the signal model of the jamming received by both master and slave channels of InSAR. The analytic expression of the jamming's two dimensional spectrum is derived by applying the principle of stationary phase (POSP) [29] . Then the Omega-K [29] algorithm is employed to derive the imaging result of the jamming. By comparing the imaging results of the master and the slave channels, the jamming's interferometry phase can be derived. The symbols that will be used in this paper are listed in Table 1 .
The Jamming's Two-dimensional Spectrum
The "stop-and-go" approximation is widely used for SAR imaging with pulse transmit signal. For an ideal point-like target on the ground, its echo received by SAR is always delayed in accordance with the distance between the jammer and SAR system. And this will introduce the demodulated echo with a two-way delay in envelope and a quadratic modulation in phase. Interestingly, the jamming produced by a coherent jammer is similar to the point-like target's echo except that the baseband waveform can be arbitrarily modulated for the former. Therefore, the coherent jamming has a similar signal model to that of point-like target's echo, if the jammer has only single transmit antenna. And its transmit signal received by InSAR master channel can be written as
where R m (t a ) is the slant range between the antenna phase centers of InSAR master channel and the transponder with respect to different slow time t a , namely, 
Then the Fourier transform of
And the Fourier transform of g m (t r , t a ) in (1) can be written as
(6) There are two terms in (5), the first one is a slow-changing part with respect to t a , and the second is a fast-changing part. Also, the Fourier transform of G m (f r , t a ) in (5) with respect to t a can be obtained by applying the POSP directly to (5) as follows
where
The partial derivative of θ m−2 (f r , t a ) with respect to t a can be expressed as
Then the stationary point of the integrand in (7) can be derived as
By substituting (10) into (7), the integral result can be gotten as
and
Now the jamming received by the master channel has been expressed in two-dimensional frequency domain. Obviously, this expression does not depend on the SAR imaging algorithm itself, but depend on the parameters of the SAR transmit signals, the modulation of the jammer, and the relative geometric positions between SAR and the jammer, etc..
The Jamming's Imaging Results and Its Interferometry Phase
In this part of the paper, it is the imaging result of the jamming that makes the main concern. Without loss generality, the Omega-K algorithm is used in the following imaging process, where the reference phase term in the Omega-K algorithm can be written as [29] 
Multiply (11) with the reference phase term in (14) to generate
By applying the Stolt mapping [29] (
(15) can be transformed to
The jamming's imaging result by using the Omega-K algorithm can be obtained through the two-dimensional inverse Fourier transform of (17) 
where g 2 (t r , t a ) is the two dimensional inverse Fourier transform of G 2 (f r , f a ). Being similar to (1), the jamming received by the slave channel is
After the imaging process, the imaging output of the slave channel is
The difference between t r − 2c (20) and (21) will induce a envelope shift between g m (t r , t a ) and g s (t r , t a ) (i.e., the 2-D imaging results of the two channels of InSAR). This effect can be compensated by the image registration processing of InSAR. Here we suppose that the slave image is adjusted in accordance with the master image, then g s (t r , t a ) should be rearranged as
f c (22) By comparing the second terms in both (19) and (22), the interferometry phase of jamming can be obtained as
Note that the interferometry phase given in (23) is a constant, which is irrelevant to the fast time t r and slow time t a , and independent of the jamming's waveform modulations. Indeed, it is equal to the interferometry phase of the terrain where the jammer lies in. In other words, the interferometry phase of the jamming is determined by the jammer's geometry position relative to InSAR's two channels.
THE JAMMING'S INTERFEROMETRY PHASE IN SINGLE-PASS MODE
In single-pass mode, the jamming received by the master channel is the same as the one in repeat-pass mode which is given in (1). Therefore, its imaging result is also the same as that expressed in (19), and will not be discussed anymore in the following part. However, the jamming received by the slave channels are different from each other for both repeat-pass and single-pass modes, where the latter can be expressed as
Compared with (1), it should be noted that the two-way time delay in (1) is now replaced with the summation of two separate delays. In order to apply the Omega-K algorithm to (24) , the jamming's two dimensional spectrum should be derived as follows. According to the expression of (4), the Fourier transform of g s (t r , t a ) with respect to t r can be written as
where the first and second terms are both the slow changing and fast changing parts with respect to the slow time t a . Therefore, the POSP can also be applied to (25) to derive the two-dimensional spectrum.
The Fourier transform of the second term in (25) can be expressed as
27) It is a difficult task to resolve the integral in (26) . Therefore, an approximation is made in the following to resolve this problem. If the difference between the two slant ranges R m and R s is expressed as δ R = R m − R s (28) Then the first square root in (27) can be approximated as 
The parabolic approximation can also be applied to the square root term
Then the first derivative of θ (f r , t a ) with respect to t a can be written as
It has the following inequality
According to the inequality given by (36), the second term in the bracket of (33) can be neglected, and θ (f r , t a ) can be approximated as
By setting the value of θ (f r , t a ) equal to zero, the stationary point of the integrand in (26) can be written as
By substituting (31) and (38) into (27) , the stationary point of the phase can be expressed as (shown in the appendix)
By applying POSP to (25) , its Fourier transform of G s (f r , t a ) with respect to t a can be written as
Now we have derived the jamming's two-dimensional spectrum G s (f r , f a ), which is needed for the Omega-K algorithm. Multiplying (40) with the reference function shown in (14) , it has
By applying the Stolt mapping presented in (16), (41) can be transformed to
Then the two-dimensional inverse Fourier transform of (41) can be expressed as
After image registration processing of InSAR, the slave image g m (t r , t a ) should be rewritten as
As mentioned above, the imaging results of the master channel can also be expressed as (19) . Then the interferometry phase of the jamming in the single pass mode can be derived by comparing the imaging results of the master and slave channels, i.e., the phase difference between (19) and (45). And it can be written as
By comparing (23) and (46), it can be seen that the values of the jamming's interferometry phase for both repeat-pass and singlepass modes are constants. Both of them have the same interferometry value which is determined by the geometric position of the jammer, and is independent of the jammer's waveform modulations. 
SIMULATION AND ANALYSIS
To further analyze the interferometry phase of the jamming, a simulation of airborne InSAR is presented in this part. Since the simulation of SAR echoes with large scene is rather computational expensive [30] , the images with complex Gaussian clutter are employed here without resorting to echoes simulation. The InSAR parameters are listed as follows. The baseline length is 2 m, the flight height is 8 km, the baseline depression angle is 60 deg. Both the first and the second simulation scenarios share the same terrain, which is a flat plane with an area of 500 m × 500 m in both the ground range and vertical directions. The jammer is in the center of the terrain. The jammingto-clutter power ratio (JCR) is 6 dB. The 2-D images for both the master and slave channels are similar to each other in magnitude, so only the master image is presented (as shown in Figure 1(a) ). The periodic modulation jamming [17] is utilized in the first simulation scenario, and this kind of jamming can produce multiple discrete lines in the across range direction (as shown in Figure 1(a) ). The interferometry phase of the jamming does not show much difference from that of the terrain, because the jamming is distributed around the jammer and because the flat ground phase does not change drastically within a limited ground range (shown in Figure 1(b) ). After the removal of the flat ground phase, the interferometry phase of the terrain become null, whereas a phase opposite to the flat ground phase is added to the jamming (as shown in Figure 1(c) ). Therefore, the value of the jamming's interferometry phase should be a constant in the original InSAR interferometry image given in Figure 1(b) .
The multi-delay modulation is employed along with the periodic modulation by the jammer in the second simulation scenario. This kind of modulation can produce multi jamming strip along the ground range direction (as shown in Figure 2(a) ). There are three jamming strips in Figure 2(a) , where the first and the third strips are before and after the jammer in the ground range direction, respectively; the second strip is around the jammer. As shown in Figure 2 three jammings share the same interferometry phase, and are equal to the interferometry phase of the terrain where the jammer lies in. The first and the third jamming strips can be easily distinguished from the background interferometry phase, since they are away from the jammer in the ground range direction. After the removal of the flat ground phase, all of the three jamming strips are added with an opposite flat ground phase (as shown in Figure 2(c) ).
A terrain with height variation is used in the third simulation scenario. Some dark areas can be seen in Figures 3(a) and (b). They are indeed the shadows of the mountains. The same jamming is used in both the second and third simulation scenarios. As shown in Figure 3 , the jamming in the third simulation scenario have the same interferometry phase as that in the second one. Therefore, the interferometry phase of the jamming in the InSAR images are independent from its background terrain.
CONCLUSION
For both the repeat-pass and single-pass modes, the interferometry phases of the jamming are constants.
They are equal to the interferometry phases of terrain where the jammer lies in and independent of the jamming's waveform modulations. Although only the case of the coherent jammer is discussed throughout this paper, the interferometry phase of any other coherent active transmitter with single transmit antenna should be a constant. This will also hold true for a SAR transponder when it is used for calibration purpose. Therefore, the work of this paper can be developed to recognize the active coherent transmitter in InSAR images.
APPENDIX A. THE JAMMING'S STATIONARY POINT PHASE IN INSAR SLAVE CHANNEL
Substituting (31) into (27) 
